Ischemia followed by reperfusion leads to severe organ injury and dysfunction. Inflammation is considered to be the most important cause of graft dysfunction in kidney transplantation subjected to ischemia. The mechanism that triggers inflammation and renal injury after ischemia remains to be elucidated; however, cellular stress may induce apoptosis during the first hours and days after transplantation, which might play a crucial role in early graft dysfunction. Bcl-2 is known to inhibit apoptosis induced by the etiological factors promoting ischemia and reperfusion injury. Accordingly, we hypothesized that an augmentation of the antiapoptotic factor Bcl-2 may thus protect tubular epithelial cells by inhibiting apoptosis, thereby ameliorating the subsequent tubulointerstitial injury. We examined the effects of Bcl-2 overexpression on ischemia-reperfusion (I/R) injury using Bcl-2 transgenic mice (Bcl-2 TG) and their wild-type littermates (WT). To investigate the effects of I/R injury, the left renal artery and vein were clamped for 45 min, followed by reperfusion for 0-96 h. Bcl-2 TG exhibited decreased active caspase protein in the tubular cells, which led to a reduction in TUNEL-positive apoptotic cells. Consequently, interstitial fibrosis and phenotypic changes were ameliorated in Bcl-2 TG. In conclusion, Bcl-2 augmentation protected renal tubular epithelial cells from I/R, and subsequent interstitial injury by inhibiting tubular apoptosis.
INTRODUCTION
I/R injury at the renal level is characterized by apoptosis of tubular cells and interstitial inflammation. Renal ischemia induces tubular cell injury with decreasing Both clinical and experimental evidence suggests that ischemia-reperfusion (I/R) injury to kidney grafts may levels of ATP, increasing levels of calcium, and an alteration in the membrane lipid and enzyme activity (7) . influence both early and late transplant function (23) . Ischemia followed by reperfusion is closely related to Reperfusion of the ischemic organ exacerbates ischemic injury by producing cytotoxic oxygen species and free the pathogenesis of early graft damage. Overall, ischemia in a kidney graft is the sum of possible transient radicals (9) . In addition, a deleterious role for the inflammatory response in I/R-induced organ damage has warm ischemia during allograft removal from the donor and cold ischemia associated with preservation and stor-also been suggested by the enhanced expression of adhesion molecules and proinflammatory mediators (cyto-age (19) . Reperfusion, which is critical to the viability of the organ, may also induce additional damage (15) . kines, chemokines), the activation of the complement system, the priming of the coagulation cascade, and the Prolonged exposure of the donor kidney to warm and/or cold ischemia increases the incidence of delayed graft subsequent leukocyte infiltration (5, 25) . Apoptosis is a precisely regulated process and the function upon transplantation and primes a programmed process within the kidney, which may lead to chronic molecular regulation of cell death has recently been reported to originate with the bcl-2 gene family. Bcl-2 is and progressive lesions (18) . Several studies have reported the initial I/R injury to possibly significantly af-known to inhibit the apoptosis induced by etiological factors promoting ischemia and reperfusion injury (14). fect the graft outcome, thus suggesting that the longterm graft function might improve by manipulating the Bcl-2 allows clonal survival after cell stress is removed (14). More importantly, human bcl-2-gene transfection early graft injury induced by I/R (8) . 
resulted in the prevention of hypoxic cell death in liver
Morphology and Immunohistochemical Staining (24) . Therefore, Bcl-2 is a good candidate to inhibit pro-Tissue samples were fixed in 4% (w/v) buffered paragrammed cell death in the context of I/R injury. Organ formaldehyde (PFA) for 16 h and then were embedded treatment modalities, which may reduce the consequences in paraffin. Tissue sections (4 µm) were mounted on of I/R injuries, are thus considered to play a critical role silane (2% 3-aminopropyltriethoxysilane)-coated slides in increasing graft survival, particularly with the present (Muto Pure Chemicals, Tokyo, Japan), deparaffinized shortage of donor organs.
with xylene, and stained with periodic acid-Schiff (PAS) Therefore, we investigated the effects of Bcl-2 overand Masson's Trichrome. Immunohistochemical stainexpression on tubular apoptosis and subsequent tubuing was performed using the Envision system (Dako), lointerstitial damage after I/R injury, using bcl-2 transaccording to the manufacturer's instructions. Endogegenic mice.
nous peroxidase activity was blocked with 3% H 2 O 2 for 5 min. The first antibodies were diluted in 1.5% goat MATERIALS AND METHODS serum albumin in PBS at specific concentrations as de-Experimental Design scribed above, and incubated for 24 h at 4°C. This was In order to confirm the protective effects of Bcl-2 on followed by incubation with suitable secondary antibodtubular epithelial cells, we employed Bcl-2 transgenic ies. Antigen retrieval was performed for 2 min in premice (Bcl-2 TG) harboring the human bcl-2 gene (12).
heated 10 mmol/L sodium citrate (pH 7) using a micro-In this transgenic mouse, human bcl-2 was driven by the wave oven. regulatory sequences of the rat L-type pyruvate kinase Terminal Deoxynucleotidyltransferase-Mediated dUTP gene, which encodes a glycolytic enzyme expressed Nick End-Labeling (TUNEL) Staining mainly in hepatocytes, enterocytes, and proximal tubular TUNEL staining was performed using the in situ Apcells. Three-to 4-month-old Bcl-2 TG or WT mice were optosis Detection Kit (Takara Bio, Otsu, Japan), accordmaintained under standard conditions until the experiing to the manufacturer's instructions. Briefly, the secments were performed. All studies were performed in tions were deparaffinized and subjected to antigen retrieval accordance with the principles of the Guidelines on Aniin preheated 10 mmol/L sodium citrate (pH 7) using a mal Experimentation of Osaka University. All mice steamer for 40 min. They were then incubated with 3% were anesthetized with an IP injection of sodium pento-H 2 O 2 for 10 min, which was followed by incubation with barbital (30 mg/kg). To investigate the effects of I/R TdT enzyme solution for 90 min at 37°C. The reaction injury, Bcl-2 TG or WT were allowed to stabilize for 30 was terminated by incubation in a stop/wash buffer for min before being subjected to 45 min of bilateral renal 30 min at 37°C. occlusion using artery clips to clamp the renal pedicles. Occlusion was visually confirmed by a paling in the kid-Western Blot Analysis ney color. Reperfusion was initiated by removing the The tissue specimen was homogenized in RIPA artery clips and it was visually confirmed when blushing buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 1% NPwas noted. The mice were sacrificed at 3, 24, 48, and 40,1 mM EDTA) containing 1% SDS and sonicated. 96 h after reperfusion. The sham-operated mice were
The lysate was centrifuged at 15,000 rpm for 10 min also sacrificed as normal controls. Left kidneys were at 4°C and the supernatant was collected. The protein harvested after perfusing with phosphate-buffered saline concentration in each renal tissue lysate was determined (PBS).
using a BCA protein assay kit (Pierce Biotechnology, Antibodies
Rockford, IL). The lysate was mixed with 0.5 volume of 5× SDS sample buffer and boiled for 15 min. Next, To identify myofibroblasts, we used anti-human αsmooth muscle actin (α-SMA) antibody (EPOS System: 20 µg of protein was loaded onto each lane and electrophoresed on a 15% SDS polyacrylamide gel, followed Dako, Hamburg, Germany). The localization of active caspase-3 protein expression was determined by immu-by blotting on a PVDF transfer membrane (Amersham Biosciences, UK). The filter was blocked with 5% (w/ nohistochemistry using antiactive caspase antibody (1: 250 dilution; Promega, Madison, WI). To evaluate the v) nonfat milk or 1% BSA in 10 mM Tris-buffered saline with 0.1% Tween-20 (TBS-T), followed by over-caspase activity by a Western blot analysis, we used caspase-3 antibody (1:1000 dilution; BD Biosciences San night incubation at 4°C with diluted primary antibodies in TBS-T or blocking buffer. After washing three times Jose, CA). To examine the mechanisms of interstitial fibrosis, a potent fibrogenic growth factor was examined in TBS-T, the filter was incubated with secondary antibody (1:1000) (Cell Signaling) in TBS-T for 30 min at using anti-TGF-β1 antibody (1:50 dilution; Santa Cruz Biotechnology, Santa Cruz, CA). room temperature and developed to detect specific pro-tein bands using ECL reagents (Amersham Bioscience Effects on Tubular Apoptosis in the I/R Injury Kidney Corp., Piscataway, NJ).
The inhibition of I/R-induced kidney injury by Bcl-2 overexpression proposed the possibility that apoptosis RESULTS plays a crucial role in I/R injury. In fact, the number of TUNEL-positive, apoptotic cells increased among the Effects on Histological Changes tubular epithelial cells at 96 h after I/R injury in WT To investigate the role of apoptosis on I/R-induced (Fig. 4a) , and decreased in Bcl-2 TG (Fig. 4b) . Consiskidney injury, WT mice and Bcl-2 transgenic mice, in tently, the distribution of active caspase-3 was scattered which human Bcl-2 is highly expressed in tubular epiin the tubular epithelial cells and in the interstitial area thelial cells (Fig. 1 ), were treated with I/R, and the mor-( Fig. 5a ) in WT, and positively stained cells often phological changes were assessed. PAS staining of the showed the morphological changes of apoptosis (i.e., kidney sections obtained from WT at 48 h ( Fig. 2a after shrunken cells with condensed nuclei). In contrast, the I/R injury revealed marked disruption of normal tubular active caspase-3-positive cells were little observed in morphology, including the widespread degeneration of Bcl-2 TG (Fig. 5b) . Similar results were also observed tubular architecture, tubular dilatation, swelling, and luwhen caspase-3 activation was assessed by a Western minal congestion with loss of the brush border. Furtherblot analysis (Fig. 5c ). These data indicated that I/R of more, interstitial fibrosis was observed at 96 h after I/R kidney induced apoptosis in tubular epithelial cells, injury in WT (Fig. 2b) . In contrast, Bcl-2 TG exhibited which was markedly prevented by Bcl-2. reduced severity with regard to the characteristic histological changes of I/R injury, including tubular atrophy Effects on Interstitial Fibrosis in Kidney After (Fig. 2c) . Importantly, Bcl-2 TG showed minimal inter-I/R Injury stitial fibrosis at 96 h after I/R injury (Fig. 2d ), thus Finally, to evaluate the I/R-induced kidney injury, indicating that Bcl-2 dramatically inhibited I/R-induced and to examine the correlation between apoptosis and kidney damage. kidney injury, the extent of interstitial fibrotic change in I/R kidneys was investigated by performing histological Effects on Interstitial Phenotypic Changes in Kidney analysis using Masson's trichrome staining. The size of After I/R Injury the fibrotic lesions in the interstitium was determined in stained sections. Kidney sections from WT at 96 h after In order to detect interstitial myofibroblasts, which are associated with interstitial damage and fibrosis, the I/R injury showed an expanded interstitium when compared with normal kidney (data not shown). In contrast, expression of α-SMA was examined immunohistochemically. As shown in Figure 3 , the interstitial expression the interstitial fibrotic area was significantly suppressed in I/R kidneys from Bcl-2 TG. of α-SMA increased at 96 h after I/R injury in WT, while it was significantly suppressed and limited to the As a smaller fibrotic area was observed in Bcl-2 TG, we examined the expression of TGF-β, a potent fibrotic blood vessels in Bcl-2 TG (Fig. 3b) , which was consistent with the results obtained from PAS staining (Fig. 2) . growth factor, in I/R kidneys. Immunohistochemical Figure 1 . A Western blot analysis demonstrated that human Bcl-2 is highly expressed in Bcl-2 transgenic mice (a). Immunohistological staining showed that human Bcl-2 is not expressed in WT mice (b). Human Bcl-2 is expressed in tubular epithelial cells in Bcl-2 TG (c). staining confirmed that the expression of TGF-β was ing from the radicals after they have been generated (11) . An increase of mitochondrial membrane permeabil-upregulated in the tubular epithelial cells in I/R kidney from WT (Fig. 6a) , and that this expression was weak ity is one of the key events in apoptotic death (20, 22) . The mitochondrial membrane permeability transition in I/R kidney from Bcl-2 TG (Fig. 6b ).
(MPT) is a Ca 2+ -dependent increase of mitochondrial DISCUSSION membrane permeability that leads to loss of ∆ψ, mitochondrial swelling, and rupture of the outer mitochon-We examined whether Bcl-2 overexpression has a therapeutic effect on tubulointerstitial injury in a mouse drial membrane (26) . The antiapoptotic Bcl-2 has the ability to block the MPT, and can therefore block MPT-model of I/R injury. We hypothesized that apoptosis following I/R constitutes a potential trigger of inflamma-dependent necrosis in addition to their well-established ability to inhibit apoptosis (20, 22) . As a result, the abil-tion, and we studied this possibility by using Bcl-2 TG in a model of renal I/R. Evidence for the early involve-ity of Bcl-2 to protect against the damaging effects involved in ischemia and reperfusion injury makes Bcl-ment of apoptosis is provided by the characteristic morphological features in tubular epithelial cells, and the 2 an appropriate candidate to inhibit apoptosis in renal transplantation. increase in TUNEL-positive cells, as well as increased active caspase-3 expression, in kidneys after I/R injury.
We observed the upregulation of TGF-β in tubular epithelial cells in WT after I/R, as reported previously These findings are in line with various in vivo and in vitro reports showing that renal apoptosis after ischemia (6) , while TGF-β expression was suppressed in Bcl-2 TG. Maintained upregulation of TGF-β expression is in-is induced by hypoxia (1) and ATP depletion (13). Furthermore, during I/R-induced inflammation at day 1, jurious, and is associated with the activation of fibroblasts and macrophages in the renal interstitium, and upregulated Fas (16) and TNF-α (3) are associated with I/R-induced apoptosis. However, Bcl-2 TG exhibited de-with the deposition of collagen and renal fibrosis (2). In addition, we observed α-SMA expression and fibrosis in creased active caspase protein in tubular cells, and thus a reduction in the number of TUNEL-positive apoptotic the interstitium of WT after I/R injury, while α-SMA expression and fibrosis in the interstitium was sup-cells. Consequently, both interstitial fibrosis and phenotypic changes were ameliorated in Bcl-2 TG. pressed in Bcl-2 TG. In our model, the precise relationship between Bcl-2 and tubulointerstitial injury remains Apoptosis represents a highly controlled process that is regulated by various factors (21) . It is reported that unclear; however, one possible mechanism is that the Bcl-2-mediated protection from apoptosis results in the Bcl-2 blocks cell death and modulates intracellular signaling events. In this regard, it has been shown that Bcl-reduction of the TGF-β expression in tubular epithelial cells, which induces epithelial-mesenchymal transition 2 inhibits depletion of Ca 2+ from the endoplasmic reticulum (4) as well as the generation of reactive oxygen (EMT) and subsequent α-SMA expression and interstitial fibrosis (17). species and free radicals (10). Furthermore, it significantly impedes the downstream oxidative damage result-In line with previous findings, the results of this 
